Exosomes are membrane nanovesicles that intermediate cell-to-cell signaling through the transfer of their molecular cargo. The exosomes' small size facilitates rapid migration through the extracellular matrix and into and out of circulation. Here we report that the mobility of the exosomes is much lower than would be expected from the size of their membrane vesicles.
INTRODUCTION
Exosomes are actively secreted by cells and can be isolated from all biological fluids, including blood, urine, and saliva. Exosomes are distinguished from other extracellular vesicles (EV), such as ectosomes, 1,2 by biomarkers of the late endocytic pathway [3] [4] [5] and by small size, typically reported between 30-150 nm. These properties are often used to confirm that EVs obtained from biofluids or cell culture are exosomal in origin. Several exosome isolation techniques, such as size exclusion chromatography [6] [7] [8] and ultrafiltration, 9, 10 are entirely based on exosomes' small size.
The luminal and surface composition of EVs are derived from the cells that shed them. 11, 12 Exosomes' membrane and surface cargo -such as membrane proteins, saccharide groups, and other membrane-bound and adsorbed molecules -preserve the same topological orientation as in plasma membrane. 4, 13 By fusing with proximal and distal cells, exosomes mediate intercellular signaling in health and disease. The biologically active molecules transferred by the exosomes from the parent to the recipient cells include surface and luminal proteins, 14, 15 membrane-bound microRNAs, 3, 16, 17 and other compounds. [18] [19] [20] A growing number of studies have associated exosomal signaling with tumor metastasis, [21] [22] [23] [24] cancer drug resistance, 25 and the modulation of the immune response. [26] [27] [28] [29] For signaling to occur, it is necessary, but not sufficient, for a secreted EV to traverse the distance from the parent to a recipient cell. For paracrine signaling, the transport barrier to exosomal communication may be overcome by passive diffusion through extracellular space, while to reach distal targets an EV may need to enter and exit a biofluid circulation. For example, the convective transport of EVs by a circulating biofluid is likely required for the formation of organotropic pre-metastatic niches and metastasis to distal sites, as in the case of lung cancer exosomes internalized by bone cells. 21 The smallest in size among all EVs, the exosomes have the highest mobility through the extracellular matrix and in circulating biofluids, which favors exosome-mediated paracrine and distant signaling. 30 The mobility of the exosomes, characterized by their mean squared displacement with time, is proportional to their (self-) diffusivity. The hydrodynamic diameter of the exosomes is the measure of the resistance to their migration and is inversely proportional to their diffusivity. Only in a limited case of a spherical, smooth, and hard nanoparticle (NP) with the electrically neutral surface will the hydrodynamic diameter equal the geometric diameter of the sphere. For exosomes, which are elastic lipid bilayer particles 31 with membrane-conjugated macromolecules 32 and a negative zeta potential 33 , these conditions do not hold. Consequently, the resistance to the exosomes migration should be higher than implied by the size of their membrane vesicle.
The transport barriers to exosome dissemination are poorly understood. Here, we examine the impact of surface proteins and macromolecules anchored by them, on the mobility of the exosomes. To this end, the hydrodynamic diameter of exosomes, isolated by precipitation from the growth medium of MCF7 (ER+) breast cancer cells, was analyzed before and after enzymatic digestion of the surface proteins and compared with the estimated size of the membrane envelope. The thickness of the coronal layer, equal to the difference between hydrodynamic and vesicle diameters, was used to quantify the resistance to the exosome migration caused by surface-conjugated macromolecules. We found a substantially impeded migration of exosomes prior to digestion relative to the expectations based on the size of their vesicles. Furthermore, the hydrodynamic diameters were found to be broadly distributed relative to a narrower range of vesicle sizes, indicating a widely varying coronal thickness. The enzymatic cleavage of surface proteins increased the mobility and shifted it closer to the expected range for the size of membrane envelopes. The significant and heterogeneous impact of the coronal layer on the reduction in the exosome mobility was then confirmed by analyzing the hydrodynamic and the membrane diameters of exosomes isolated from serum of a pancreatic cancer patient and a healthy individual. Several implications of these findings are discussed. The exosomes with higher mobility are more likely to reach a cellular target for signaling to occur, while those with large hydrodynamic diameters are more likely to accumulate and degrade in the extracellular matrix. Our results indicate that the difference in mobility impacting the signaling outcome is strongly impacted by a widely-distributed thickness of the coronal layer. Furthermore, the significant contribution of surface proteins to the transport resistance and the influence of the extracellular environment on protein conformation, specific and non-specific adsorptions, proteolytic degradation, and protein glycosylation indicate that the hydrodynamic size of the exosomes should be viewed as a dynamic property that changes with time and migration.
RESULTS
Characterization of isolated EVs -The size, shape, membrane morphology, and biomarker expression on extracellular particles isolated from the MCF7 cell growth medium are summarized in Fig. 1 The hydrodynamic size distribution ( Fig. 1a ) has the shape, the mean (equal to 109±6 nm), and the mode (82±3 nm) diameters consistent with previous reports. 34, 35 A small population of larger particles in Fig. 1a , likely consisting of co-precipitated ectosomes, was excluded from subsequent analysis. Morphological characterization by cryogenic transmission electron microscopy (cryo-TEM) shows the expected membrane vesicles of globular shape (Fig.   1b ). The total protein concentration in the MCF7 exosome isolate containing approximately 10 12 particles/mL was 3.5 mg/mL (includes the contribution of exosomal and background proteins coisolated from the growth medium), which is typical for precipitation-based exosome isolation, 36 and too low for the background proteins to agglomerate. 37 The expression of several exosomal surface biomarkers was characterized by a reverse dot blot antibody array. Fig. 1c shows positive staining for Annexin A5 (ANXA5), tumor susceptibility gene 101 (TSG101), and tetraspanins CD63 and CD81 (further details in Supporting Information, SI). The staining for cis-Golgi matrix protein GM130 (characterizes contamination of the exosome preparation) was negative. The abundance of luminal onco-microRNA, miR-21, previously reported to be highly expressed in the MCF7 exosomes, 38 was confirmed by digital droplet PCR ( Fig. S1 in SI).
AFM measurements of vesicle size-
The membrane envelope of the hydrated exosomes, electrostatically immobilized on mica surface, was characterized by atomic force microscopy (AFM). The representative tapping-mode height and phase images of the surface-bound exosomes maintained in PBS are shown in Fig. 2a and b. The section of the height image along the line crossing three different exosomes ( Fig. 2c ) and the height image of one of the exosomes in Fig. 2d show severe shape distortion from the expected globular geometry [39] [40] [41] [42] caused by the electrostatic attraction of the exosomes, known to have a negative zeta potential, to the mica surface modified to be positively charged. The highly oblate membrane geometry was analyzed individually for 561 hydrated exosomes. The peak height the exosomes protrude above the mica surface was, on average, 7.9±3.1 nm (refer to Fig. 2c for an illustration). The surface area occupied by an immobilized exosome was approximated by a circular area with the diameter equal to twice the mean distance from the particle's "center of mass" to its boundary. On average, this diameter was equal to 69.6±19.7 nm. Both of these averages are in the range of values previously reported for exosomes of different origin. 43, 44 Fig. 3a summarizes the results of the analysis in the form of empirical probability density functions (pdf) of the peak particle elevations above the substrate and the mean diameters of the occupied surface area.
We used the AFM height data to calculate the volume enclosed by the membrane envelope of each surface-bound exosome. The obtained volume for each analyzed exosomes was mapped into the corresponding volume-equivalent sphere (insets of Fig. 3 ), the diameter of which provided size estimates of the membrane envelope in an innate globular shape. The obtained diameters of volume-equivalent spheres for the hydrated exosomes are characterized by the pdf shown in Fig. 3b (red trace). The ensemble average of this distribution is equal to 30.1±6.9 nm (Table 1) , which is substantially smaller than the average of the hydrodynamic diameters (equal to 111±12 nm, Fig. 3b ).
After allowing the immobilized exosomes to dry, the mica surface was rescanned by the AFM (Fig. S2 ). The desiccation further distorts the shape of the immobilized exosomes, making it even more oblate by reducing the height above the surface and expanding the occupied surface area (Table 1) . Somewhat surprisingly, the volume enclosed by the desiccated vesicles remains almost the same as in the hydrated state.
Cryo-TEM imaging and vesicle sizing-After rapid vitrification of unstained exosome sample, we used cryo-TEM to directly visualize and size the vesicles in the MCF7 exosome preparation.
The observed globular appearance of the exosomes in the solution and the vesicle sizing procedure are illustrated in Fig. 3c . The average diameter of the imaged vesicles was 34.2 nm ( Fig. 3d ), which is consistent with the AFM-based estimate and an independent confirmation of small vesicular particles having a much larger hydrodynamic diameter. The slight difference between the cryo-TEM and AFM estimates may be explained by a higher mobility of smaller exosomes, which reach the mica surface more readily during the incubation period and skew the AFM results towards smaller sizes. 45 Impact of digestion on exosome mobility-We have previously hypothesized 39 that membraneconjugated macromolecules are responsible for the observed significant difference between the membrane and hydrodynamic sizes of the exosomes. We tested this hypothesis directly by measuring the hydrodynamic size of MCF7 exosomes before and after enzymatic proteolysis of their membrane proteins. The digestion protocols summarized in Table 2 utilized enzymes with different proteolytic specificity and varied the treatment duration.
The size distributions of hydrodynamic diameters before and after digestive treatments were measured by the NTA. The results show an increase in exosome mobility by as much as 50% after enzymatic cleavage of their surface proteins ( Fig. 4 and Table 3 ). We ruled out several factors potentially contributing to the observed reduction in hydrodynamic sizes. First, it was found that enzymatic treatments did not affect the size of the membrane envelopes, which remained within the same 20 to 40 nm range before and after the treatment ( Fig. S3a-c) . Second, the effect of solubilized proteins on the viscosity is negligible at the protein concentration in our sample. 46 Consequently, the proteolysis of background proteins has no impact on the viscosity of the solution and the mobility of particles in it. Finally, a small reduction in the particle concentration after the digestion is insufficient to explain the observed large shift in hydrodynamic diameters towards smaller sizes even if in the worst-case scenario of only the largest particles lost from the ensemble. It was likely caused by nonspecific adsorption of exosomes to interfaces during sample transfer steps associated with the digestion and the NTA analysis before and after its completion.
Trypsin proteolysis preferentially cleaves the proteins at lysine and arginine locations and leaves intact segments of surface proteins void of these α -amino acids. After a relatively specific trypsin digestion, the mode diameter decreased to 64 nm (average of Protocols A and B in Fig. 4) from the original 80 nm. Proteinase K has a broader activity and cleaves peptide bonds of hydrophobic, aliphatic, and aromatic amino acids. As a result, the undigested fragments of the surface proteins are shorter than obtained after trypsinization, leading to the higher mobility of PK-treated exosomes. Quantitatively, the mode of hydrodynamic diameters after PK digestion following Protocols C and D reduced from 80 to 56 nm ( Fig. 4 ).
The indiscriminate PK proteolysis shifts the hydrodynamic diameters of the exosomes into the range of sizes that partially overlaps with the size of the membrane envelopes characterized by cryo-TEM and AFM ( Fig. 5 ). The remaining difference may be explained by the presence of short fragments of surface proteins that survived the digestion. The duration of enzymatic treatments in our experiments had little effect on the hydrodynamic sizes, likely because the incubation was sufficiently long in all protocols to achieve a near completion of the digestive process.
The hydrodynamic sizes after the digestion ( Fig. 4 ) are distributed more uniformly. The distribution is particularly narrow after the less specific proteinase K treatment, which closely "shaves" the membrane envelope, leaving behind only short remnants of surface proteins. We, therefore, conclude that the broadness in the distribution of the hydrodynamic sizes is the consequence of the heterogeneity in the macromolecular surface decoration of the narrowly distributed exosomal vesicles.
Vesicle vs. hydrodynamic size of serum exosomes-The validity of the described observations beyond MCF7 exosomes was examined next. To that end, the exosomes isolated from the serum of a pancreatic cancer patient and a healthy control were sized. 39 Computer analysis of cryo-TEM images ( 
DISCUSSION
The enzyme-dependence in the change of the exosome mobility after the proteolysis implicates the surface proteins as the cause of the retarded diffusivity of exosomes relative to the expectation based on the size of their membrane envelope and points to the thinning of the protein corona as the mechanism responsible for the observed reduction in the hydrodynamic diameter of digested exosomes (Fig. 6a ). The significant resistance imposed by the surface proteins on the motion of exosomes has several implications. The considerable heterogeneity in hydrodynamic diameters reported here implies that the exosomes migrate through the cell microenvironment with a widely varying speed. The diverse migration rate was revealed from the observations of the exosome trajectories in the solution, which me measured by singleparticle tracking. Three such trajectories are shown in Fig. 6b for the exosomes with 88.5, 70.5, and 142.5 nm hydrodynamic diameters, which correspond to the mode, 10th, and 90th
percentiles of the size distribution in Fig. 6a . Smaller exosomes diffuse more readily, as quantified in Fig. 6c by the time-dependent squared displacement from the initial location, and are more likely to participate in signaling after overcoming the transport barrier to reach the recipient cell.
The migration of a secreted exosome in vivo terminates by either re-internalization into the releasing cell, degradation, 2 or uptake by a proximal or distant cell. Termination may occur after entering and emerging from circulating blood, lymph, cerebrospinal, or another biofluid. In the sequence from an exosome secretion to termination, the migration through the extracellular spaces (ECS) seems unavoidable.
Little is known about the diffusive migration of exosomes through the ECS. An early insight on the subject is derived from theoretical considerations, computer simulations, and experimental studies investigating the size and composition-dependent hindrance to the transit of nanoparticles and molecules through the ECS and the extracellular matrix (ECM) that occupies it. As summarized in several reviews, 47-50 the size-dependent exclusion and filtering by ECM contribute to the preferential transit of small molecules and NPs. 47 While the reduction in the diffusivity only slows the biodistribution of small particles, the larger particles may become trapped in the ECM. 51 The mechanisms responsible for lower extracellular diffusivity include the steric hindrance from the constitutive network of polypeptides and polysaccharides; the electrostatic and other interactions with the ECM components; the localized increase in viscosity;
and higher drag due to the wall effect. The same mechanisms are likely to influence the ECM migration of the exosomes in size and composition dependent manner.
Following Rusakov and Kullmann's approach to modeling the ECM migration of molecules and NPs, 52 which provided the best fit to the experimental data on the tortuosity in the cortex of rats. 53 The contribution of steric hindrance to the exosome migration, their specific and nonspecific (e.g., electrostatic) interactions with ECM, and all other factors impeding the movement of the exosomes through the ECS are then described by the "viscous" tortuosity ߬ ௩ . In the absence of exosome-specific data, ߬ ௩ was modeled using a steric partition coefficient and the enhanced friction ratio of pore-to-solution friction coefficients, 54 both of which depend on the ratio of the hydrodynamic diameter of the exosomes to the size of the ECS pore through which the diffusion occurs.
The ECM diffusivity in a 150 nm ECS pore, selected to represent the mean confining ECS dimension inside a brain of a living rat 55 and modeled following the described approximation, was compared with unimpeded diffusivity in the solution. The model predicts the exaggerated impact of sizes on the exosome mobility after secretion into the ECS (Fig. 6d ). Average distance traveled in the ECS by an exosome of the smallest sizes (in the range of membrane vesicle, Fig.   6a ) is ~45% of the distance translocated in the buffer, as indicated by the ratio of the mean squared displacements (MSD) during hindered and free diffusion. This distance drops to ~10% for 80 nm particles and becomes negligible as the size of the exosomes approaches the pore size.
Slower migration of hydrodynamically larger exosomes increases their dwell time in the proximity of a parent cell, which favors their trapping in the ECS. Trapped EV may reduce the permeability of the matrix, creating a positive feedback for exosome immobilization in the ECM.
In a recent report, the exosomes were found to promote extracellular aggregation of gliotoxic amyloid-β (Aβ) peptides associated with Alzheimer's disease pathology, while the reduction in the exosome secretion by neural cells improved cognition. 56 It seems that only trapped (not transitory) exosomes can provide extracellular agglomeration sites and contribute to the extracellular Aβ accumulation. The evidence that the EVs are routinely sequestered in the ECM was provided by Huleihel et al. 57 who found matrix-bound nanovesicles in urinary bladder matrix and other ECM scaffolds of laboratory-produced and commercially-procured samples.
After the enzymatic digestion, which released the trapped vesicles from the ECM, the membrane vesicles of the trapped EVs were found to be between 40 nm in diameter and up, while the corresponding modes of their hydrodynamic diameters were between ~80 to 130 nm for different samples. Exosomal surface biomarkers were not detected in this study, likely due to PK digestion used to release the vesicles from the ECM before the analysis. Nevertheless, the microRNA cargo indicates that, at least, some the trapped EVs are cell-secreted while the membrane and hydrodynamic sizes, which overlap with the exosomal range, points at the exosome contribution to the described population of the matrix-bound vesicles.
The ECM mobility model used to produce results shown in Fig. 6d views the dimension of the extracellular pore as a hard size cut-off on the hydrodynamic diameter above which the exosomes are unable to transit through the ECM. This simplification ignores the flexing of "soft" macromolecular corona to overcome steric hindrance imposed by the ECS and the ECM mesh network. It may be, therefore, more appropriate to define the cut-off size for exosome trapping based on the size of the membrane vesicles rather than their hydrodynamic diameter. The reduction of the coronal layer in vivo by extracellular enzymes, such as metalloproteinases, also argues in favor of using the size of the membrane envelope in defining the absolute cut-off size above which exosomes are trapped in the ECM. Interestingly, the proteolytic activity may be bidirectional, with the host matrix shown to be degraded by oncosomes (tumor exosomes), thus promoting motility of cancer cells 58 and the exosomes secreted by them.
Several additional reciprocating ECM-EV influences occurring in vivo are unaccounted by the model. The extracellular microenvironment influences the conformation of integral and peripheral membrane proteins, 59 which affects the size of the corona and, therefore, the mobility of the exosomes in the ECM. For example, the ionic strength of the extracellular fluid is a factor with multifaceted effects on protein conformation, 60 zeta potential, 61 membrane fluidity, 62 and the modulation of electrostatic interactions with the extracellular mesh. 63 The extracellular pH affects the coronal layer by modifying the lateral extension and the configuration of surface protein moieties. 64 At lower pH, the protein backbones experience higher amplitude of transient backbone fluctuations, 65 which should aid in conforming the coronal layer to the dimensions of a sterically hindered region, just as flexible molecules were shown to translate through the ECM while the diffusion of rigid molecules of similar molecular weight was restricted. 50 Furthermore, just as the components of extracellular milieu adsorb onto the surfaces of synthetic nanoparticles [66] [67] [68] [69] and modify their hydrodynamic size, 70 Several notable features of solid tumors present a particularly interesting case to study the interplay between the properties of the extracellular matrix and the exosome migration. Cancer cells in vitro tend to secrete exosomes at an elevated rate. 74 The relative abundance of oncosomes in serum and other biofluids of cancer patients [75] [76] [77] [78] indicates that this higher secretion is accompanied by an increased flux of the exosomes through the ECM away from the tumor cells.
Among the tumor microenvironment features facilitating the transit, the acidity of most solid tumors may enhance the mobility by altering the confirmation and the flexibility of membrane proteins. The characteristic rigidity of the tumor tissue, caused by a denser network of collagen fibers in tumor ECM, 79 should impede the passage of the exosomes. However, the tumor ECM is not only stiff but also swollen due to the abundance of hyaluronan. 80 Such swelling may rescue the exosome mobility because an elevated interstitial pressure of solid tumors 81 beginning to emerge. Low pH in tumor microenvironment has been shown to correlate with higher efficiency of cellular uptake. 74 Though the precise mechanism of the pH-dependent enhancement of the uptake remains unknown, changes in the conformations of membrane proteins at higher acidity will affect the backbone flexibility and hydrodynamic size of the exosomes during their approach and diffusion within the vicinity of the target cell prior to docking and uptake.
The importance of macromolecular surface decoration extends beyond its influence on exosome mobility. It was previously shown that exosomes treated with proteinase K, despite their higher mobility, are less likely to be internalized by cells, 85 37°C. Once the cells settled down, the media was changed (approximately 24 hours after plating). The plate was then split at 1:10 ratio and ten plates were cultured, each containing 20 mL of media. Media from 9 of these plates (180 mL) were harvested and pooled. Media was then divided into 60 mL and 120 mL, further split into 30 mL/tube and centrifuged at 3,000×g for 15 minutes. The supernatant was then transferred from each tube to a new sterile 50 mL tube, and the exosome isolation was performed.
Human sera samples-Sera samples of a female pancreatic cancer patient and a healthy female were obtained from ARUP Laboratories Inc. (Salt Lake City, UT) and de-identified according to IRB protocol.
Exosome isolation-Cell line exosomes were isolated by precipitation (ExoQuick-TC,
System Biosciences (SBI), Mountain View, CA) following the manufacturer's protocol. The cell medium was centrifuged at 3,000×g for 15 minutes to remove cells and cell debris. The precipitating solution was added (1:5 volume ratio), well mixed with the sample, refrigerated overnight, and then centrifuged at 1,500×g for 30 minutes at room temperature. After centrifugation, the supernatant was discarded. The remaining exosome pellet was spun for another 5 minutes at 1,500×g to separate the residual ExoQuick TC solution, which was removed without disturbing the pellet. The pellet was then re-suspended in PBS buffer and divided into multiple aliquots used in the described experiments.
Human exosomes were isolated from 1 mL serum using ExoQuick kit (SBI) using a similar procedure.
Exosome biomarkers-The protein concentration in MCF7 exosome samples was measured using NanoDrop ND-8000 Spectrophotometer (Thermo Scientific, Wilmington, DE)
and was found to be ~3.5 mg/mL. 600 µL of the exosomes lysis buffer (SBI) was added to 150 µL of exosome sample, containing approximately ~500 µg of exosome proteins. After vortexing for 15 sec, 9.4 mL of exosome array binding buffer, supplied with the Exo-Check antibody PVDF membrane array (SBI), was added. The antibody array was wetted in 5 mL distilled water for 2 min at room temperature. After decanting the water from the membrane, 10 mL of the exosome-lysate-binding mixture was pipetted onto Exo-Check membrane and incubated for 12 h on a shaker at 4° C. The mixture was then discarded, 10 mL of wash buffer was added and gently agitated on the membrane surface for 5 min at room temperature. After removing the wash buffer, 10 mL of detection buffer was pipetted on the membrane surface and incubated for 2 h on a rocker at room temperature. The detection buffer was then discarded, the surface was washed three times with the wash buffer, and 2 mL of the developer solution (SuperSignal West Femto Chemiluminescent Substrate, Thermo Scientific, Rockford, IL) was added to cover the array membrane completely. After 2 min, the developer solution was discarded, and the array's response was read using the Bio-Rad ChemiDoc XRS Imager System (Hercules, CA). The obtained grayscale image was parsed into 12 areas, which included two positive controls (a bright signal indicates that the detection reagents are working properly), a blank spot (establishes background signal), a negative control to characterize cellular contamination (cis-Golgi matrix protein, GM130), and eight surface proteins known to express to various degree on the surfaces of different exosome types (ANXA5, TSG101, FLOT1, ICAM, CD63, CD81, ALIX, and EpCAM). A positive expression of 3 of more of these proteins is expected to confirm EV enrichment. 86 The maximum grayscale intensity within each of the 12 areas, was expressed as a percent value within the range between the minimum, defined by the blank spot (0% expression), and the maximum, equal to the average of two positive controls (100% expression). Intensities below that of the blank spot were assigned 0% expression. measurements. The acquired data were processed using a General Purpose Model implemented in the Zetasizer software to obtain the size distribution, its mean, and the standard deviation.
Atomic Force Microscopy (AFM)-Before imaging, the exosomes, known to have a negative zeta potential, were electrostatically immobilized on a surface according to the following procedure. A negatively charged surface of a freshly cleaved mica disk (10 mm diameter, Ted Pella Inc., Redding, CA) was modified to impart a positive surface charge by exposing it for 10 seconds to 100 µL of 10 mM NiCl 2 solution (Sigma-Aldrich, St. Louis, MO) at room temperature. The solution was then removed, and the surface was washed three times with DI water and gently dried with nitrogen gas. The modified mica disk was placed in a petri dish and 100 µL of exosome solution, obtained by diluting a small volume of Aliquot 1 with DI water (1:25 dilution), was pipetted on the surface. The sealed petri dish was incubated for 18 hours at 4 o C to allow for the exosome adsorption on a positively charged surface. After the incubation, the remaining solution was removed by aspiration, and the mica surface was washed four times with DI water, taking care to ensure that the surface remained hydrated throughout the process. Up to this point, the preparation steps needed to immobilize exosomes on the surface were identical for the samples to be imaged in the hydrated state or after desiccation but diverged from here.
The AFM imaging of the exosomes immobilized on a surface in their innate hydrated form or calculating the diameter of a sphere with the same volume as enveloped by the corresponding exosome immobilized on the changed mica surface and distorted into a highly oblate shape by electrostatic forces. The obtained size estimate for the hydrated sample is given in Fig. 3 . Figures S2A and S2B give the representative tapping-mode height and phase images of the surface-bound exosomes after they were desiccated on the mica surface (compare with the corresponding images of the hydrated exosomes in Fig. 2 ). The elevation above the mica surface along the line crossing four different exosomes is given in Fig. S2C . After the desiccation, the exosomes are even more oblate than in the hydrated state (compare Fig. S2D with Fig. 2 and 3 ).
Their height above the surface, characterized as a distribution in Fig. S2E , is reduced compared to the hydrated state, while the occupied surface area is expanded, Fig. S2F . Surprisingly, even after an addition shape distortion brought about by the desiccation, the volume enveloped by the exosome membrane remains essentially the same as the volume in the hydrated state, Fig. S2G . The diameter of each analyzed exosome was set to the geometric mean of the lengths of the major and minor axis of the fitted ellipse.
Cryo-Transmission Electron
TEM imaging-EM imaging of Aliquot 1 was performed before and after its enzymatic treatment. Negatively stained specimens were prepared by a standard method. Small volumes (~3.5 µL) of exosome solutions were placed on Formvar-carbon-coated copper mesh grids made for transmission electron microscopy. Prior to use, grids were glow-discharged to render them hydrophilic. Each solution was allowed to adhere to the grid for approximately 1-2 minutes before blotting with filter paper. A small droplet (~3.5 µL) of 1% uranyl acetate solution was then placed on the grid. This solution was blotted away with filter paper after ~20 seconds, and the specimen was allowed to dry. Before application of stain, some samples were also treated with an intermediate washing step of 2-3 seconds in deionized water followed by blotting with filter paper. All the steps were performed at room temperature. The dried specimen was imaged in a transmission electron microscope (JEM1400Plus, JEOL USA, Peabody, MA) at 120 kV.
Images were recorded on a Gatan Orius camera (Gatan, Inc., Pleasanton, CA, USA).
Cleavage of surface proteins-The extracellular domain of exosomal proteins was cleaved by trypsin or proteinase K digestion using one of 4 different protocols summarized in Table 2 . -the value determined by fitting experimental data for murine cortex. 53 The viscous tortuosity was calculated as is Figure 3 . Exosome diameter and volume measurements. (a) AFM height measurements (inset) illustrate the highly oblate shape of exosomes after their electrostatic immobilization on the mica surface. The distribution of peak heights above the surface (red curve, blue fill) has an average equal to 7.9 nm. The area occupied by immobilized exosomes was characterized by the projection diameter, equal to twice the mean distance from the "center of mass" to the boundary of an exosome on the mica surface. The mean projection diameter for the obtained distribution (blue curve, gray fill) is 69.6 nm. (b) The size of the spherical membrane envelope for the exosomes in the solution was approximated to match the volume enclosed by the oblate shape of the surface-immobilized exosomes as measured by AFM. The distribution of the volumeequivalent spheres (red curve, gray fill) indicates a substantially smaller vesicle size than implied by the corresponding measurements of the hydrodynamic diameters by NTA (blue curve, blue fill). The thickness of the exosomal corona (inset) is estimated as the difference between hydrodynamic and membrane vesicle sizes. . Hydrodynamic diameters are reduced substantially by enzymatic proteolysis of surface proteins. After the digestion, the sizes are shifted closer to the size of the membrane envelopes estimated from the AFM measurements and cryo-TEM imaging. The shift is especially pronounced after the less specific protease K digestion. After cleaving the surface proteins, the hydrodynamic size distribution is relatively narrow, which points to the heterogeneity in the macromolecular surface decoration as the source of widely different mobility of untreated exosomes. The migration of the exosomes having the mode, 10th, and 90th percentile hydrodynamic diameters (color coded in panel a) was measured for ~58 seconds in PBS by the single-particle tracking. (c) The squared particle displacements from the initial position corresponding to the tracks in (b) and the theoretical MSD predictions extended beyond the observation period to indicate the long-term trend in size-dependent reach of exosomes migrating by diffusion. (d) In the ECM, the size dependence of the exosomal migration is more pronounced, as indicated by a more rapid decrease in the diffusivity with the hydrodynamic diameter compared to the buffer diffusivity. The exosomes are immobilized as their hydrodynamic diameter approaches the size of the ECM pore. 33 e 58 Table 1 . AFM characterization of exosome sizes. 
